INTRODUCTION

THE
TENSILE STRENGTH of angle-ply laminates has been the subject of several previous papers primarily because it provides rather conclusive evidence of the detrimental influence of edge effects on strength for some fiber orientations. In addition, the angle-ply configuration is a basic component of many composite laminates and thus understanding its complete response, including failure, is of fundamental importance to the study of advanced fibrous composites.
As defined for this paper, angle-play laminates are those made from an equal number of layers oriented at + 0 and -8 to the loading direction ( Figure  1 ). Such laminates are balanced and we shall restrict our attention to symmetric lay-ups. Two configurations will be considered. Laminates of the form [( ± 9)2]S will be referred to as alternating and [ + 82/ -82]s laminates will be called clustered laminates. It should be noted that the thickness of a layer in the clustered configuration is double that in the alternating configuration. The in-plane elastic properties of such laminates are independent of stacking sequence. However, as will be shown in this paper, the strength and in particular the toughness, can vary significantly depending upon stacking sequence.
Apparently, the first investigation of the strength of angle-play laminates was that of Lauraitis [1] [6, 7] where it was shown that the interlaminar shear stress T~ dominates the initiation of failure in graphite-epoxy for fiber angles smaller than 37 °.
Results for the influence of stacking sequence on the strength of t 45 ° carbon fiber, epoxy resin laminates were recently presented by Harrison and Bader [8] . They showed that there is a definite influence of stacking sequence with an alternating configuration exhibiting much higher strength than a clustered configuration. They also pointed out that failure of clustered specimens was catastrophic with no indication of damage prior to fracture. Their alternating laminates exhibited a progressive failure with considerable damage evident prior to complete fracture.
The relationship between engineering properties and delamination of finitewidth graphite-epoxy laminates was recently studied by this author [9] . It was shown that there is a close correspondence between the mismatch in coefficient of mutual influence of adjacent layers and delamination of angle-ply laminates. 10 and 30 ( Figure 5 ).
Failure Mechanisms
In order to understand the failure mechanisms in these laminates, replicas [10] were taken of the free edges prior to and after fracture. For Figure 11 .
Examination of post failure edge replicas and failed specimens indicates that the mode of failure is distinctly different for the two stacking sequences for fiber angles of 10 and 30 degrees. The mode of failure was essentially independent of stacking sequence for 0 = 45 °. Failure of all clustered laminates was due entirely to matrix cracking and/or fiber matrix debonding with no fiber failure. The fracture surface of these laminates consisted of delaminations at the plus/minus interfaces and a distinct through-the-thickness crack across the width of each layer prallel to the fiber direction of that layer (Figures 9 and 11 ). It should be noted that in the absence of fiber breakage, both the transverse cracks and the delaminations are necessary for complete fracture to occur.
Failure of the 10 and 30 alternating laminates differs significantly in that the fracture surface is basically a single crack across the width of the specimen parallel to the fiber direction of the outer layer. Thus failure in the outer layers and all other layers of the same orientation is matrix failure. Failure of the remaining layers is due to fiber breakage. Delamination of these two laminates was generally restricted to a small region on the free edges. When present, it occurred at each interface between plus and minus theta layers (Figure 10 ). More delamination was present in the 10 specimen in which the mismatch in coefficient of mutual influence is largest [9] . The alternating 45 ° specimens failed in a mode similar to the clustered laminate ( Figure 11 ).
As shown in Figures 6-11 , the region of the damage zone was defined by a single crack extending across the face of the specimen parallel to the fiber direction. Transverse edge cracks are present in the damage zone. These additional edge cracks, which are more numerous for the 45 ° orientation, do not extend across the entire width of the specimen. As is evident in Figures 6-8 , the clustered specimens were essentially free of cracks outside this damage zone. This was also basically true of the alternating laminates with the exception of the z 45),], laminate which exhibited a few isolated crack regions away from the fracture surface. 
Thickness Effects
Increasing the thickness of individual layers has the effect of increasing the interlaminar shear stress Tzx [11] . This can be seen by consideration of the x force equilibrium of a unit length of half the specimen width above any plus/minus 0 interface. This equilibrium equation can be written where t is the layer thickness, b is the half-width and T~ is the stress obtained from laminate theory which is independent of stacking sequence. The integral can be expressed in terms of the maximum value of the interlaminar shear stress T~, which occurs at the free edge, as
The function f(b) is a geometric parameter of the T~(y ) distribution curve The interlaminar shear stress at the free edge can now be written where the summation is over all layers above the interface. Equation (3) 
